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Abstract-The  Human  Exploration  and  Development 
of Space  Roadmap  calls  for  Human  Missions to Mars 
and  other  planets  in  the  2010  to  2023  timeframe. 
This paper  describes  a  proposal  written  in  response to 
the  Announcement  of  Opportunity  (A099-HEDS-01) 
for  definition  studies  preparing for the  human 
exploration of  Mars. Specifically,  the  proposal 
addressed  the  call  for  the  development  of  innovative 
instrument  concepts  aimed at  studying  soil, dust, and 
environmental  interactions  for  2005  Mission 
Opportunities. The objective of the  proposed  study 
was to determine  the  feasibility,  under  simulated 
Martian  ambient  conditions,  of  a  suite of miniature 
instruments  performing  correlated  measurements  of 
sample  surfaces. A novel  Atmospheric  Electron X- 
ray  Spectrometer (AEXS), an optical  microscope 
capable  of  producing  low  magnification  images,  an 
electrometer,  and  a  fiber  optic  oxygen  sensor  fitted 
with a  resistive  heater  comprised  the  proposed 
instrument  suite. 

The scope of the  proposed  work  included  laboratory 
testing  and  characterization of prototype  instruments 
making  up  the  proposed  instrument  suite.  Laboratory 
experiments  would  utilize  instruments  in  development 
at JPL combined  with  modified  commercial  off-the- 
shelf  instruments.  Suite  instruments  currently  being 
developed  by JPL are  the AEXS (funded by the 
NASA PIDDP  program)  and  the  electrometer  (funded 
by  the  MECA-HEDS  Mars  '01  program). The 
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primary  criteria  for  selection of  commercial 
components  would be their  miniature  size  and 
ruggedness.  Since  the  investigation  will  be  conducted 
under  cost  constraints,  the  emphasis  was on using 
miniature  instruments,  which  could  be  readily 
adapted  to  meet  flight  requirements. 

The above  tests  would  result  in  the  definition of a 
potential '05 instrument  suite  addressing  issues  of 
surface  state  mineralogy,  oxidant  chemistry, 
electrostatic  charge,  and  adsorbed  chemical  species 
that  could  potentially  affect  machinery as well as the 
human  body. The  instrument  suite  would  be  capable 
of performing  the  following  in  situ  analysis of the 
same  soil or dust  sample: 

High  spatial  resolution  surface  elemental 

Electrostatic  charge; 
Evolution  oxygen  from  sample  heating. 

The presence  of  significant  quantities  of  dust  on  Mars 
has  been  well  established  by  previous  telescopic 
observations,  orbital  reconnaissance,  and  landed 
missions.  In  fact,  the  Martian  surface  has  often  been 
obscured by planet-wide  dust  storms  lasting  several 
months. The effect of terrestrial  dust on humans  has 
been  relatively  well  studied. The National  Institute 
for  Occupational  Safety  and  Health  (NIOSH)  has 
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established  guidelines for maximum  exposure  levels 
to  dust  containing  silica  particles,  known to cause 
serious or even  fatal  respiratory  disease.  It is also 
well  known  that  particles less than 1 mm in  size  can 
acquire  charge.  On  Earth,  a  difference in the  polarity 
of this  charge  has  been  observed as the  particle size 
varies. The  particle size effect is not  known  on  Mars, 
but  can potentially  be  found  if the proposed 
instruments are eventually  flown.  In  extreme  cases, 
the  electrostatic force on saltating  particles  can 
exceed  the  gravitational  force. 

The  adhesion of Martian  charged  particles  could 
affect  humans  and  hardware  adversely,  jamming 
joints on spacesuits, covering faceplates and optical 
devices,  and  discharging onto astronauts or 
equipment. It is believed the dynamics of settling 
dust,  especially after a  dust  storm,  could  cause 
changes in the  charge state of the  Martian  surface. 
Finally,  oxidizing species are speculated to be present 
in  the  Martian  soil.  Evidence for the  possible 
presence of these soil oxidants  was  obtained  from  the 
Viking Gas Exchange  and  Labeled  Release 
experiments. If indeed  such  oxidizing  species  exist, 
their  effect,  primarily on the human  respiratory  tract, 
could be severe. 

The  novel  electron  beam  based  AEXS is the core 
component of the  proposed  instrument suite concept. 
The AEXS is a  miniature  non-contact  instrument 
capable of producing  a  controlled electron beam  in 
the  ambient  atmosphere. It consists of  an electron 
source  that is encapsulated  using  a  microfabricated 
electron-transmissive  membrane.  Operated 
separately,  the  AEXS  employs  the  electron  beam to 
excite  x-ray  fluorescence for rapid  (less  than  1 
minute)  determination of the surface  elemental 
composition  via  energy dispersive analysis.  Surface 
morphology  and  elemental  composition  information 
can  be  obtained  by operating the AEXS in 
conjunction with the optical  microscope. The 
electrometer  will be integrated into the  instrument 
foot. The foot will also contain  calibration  standards 
for  the AEXS  and  will serve to accurately  locate  the 
AEXS relative  to  the soil or mineral  sample.  The 
electrometer  will  measure the electrostatic  charge 
present on the  mineral  and soil samples and  will be 
located  in  the  post-membrane  ionization  region  of  the 
AEXS. This configuration  allows for the 
neutralization of accumulated  charge  using  ions 
generated  by the AEXS electron beam. The rapid 
charge  neutralization process will enable multiple, 
precise  measurements of surface  charge.  The 
electrometer  will also provide electric field  gradient 
measurements above the surface. The miniature 

fiber- optic oxygen  sensor will be capable of 
detecting oxygen  desorbed  from  the  surface  by  a 
resistive  heater.  A  highly  sensitive (- 1 ppb) 
commercial  sensor  will  be  procured.  One  such  sensor 
manufactured by Ocean Optics Inc. operates on the 
principle of  quenching  of the  fluorescence of a 
ruthenium  organic  luminophore. The ruthenium 
complex is coated as a  sub-micron  film  on  the  end of 
a fiber and  fluoresces at approximately 600 nm upon 
excitation by a  blue  Iight  emitting diode (peak  output 
470 nm). The collision of  oxygen  molecules  with the 
fluorophores in their  excited  state leads to quenching 
of the  fluorescence  via  a  non-radiative  transfer of 
energy. 

The primary  advantage of this  instrument is that  there 
is no  interference  from  either  moisture or C02.  The 
strategy would be to first  measure the oxygen 
background  from the ambient  atmosphere  enclosed  by 
the  sample  chamber  (over  the  sample).  A  miniature 
resistively  heated  probe  mounted in the instrument 
foot  would  then  heat  a  small  region of the  sample 
surface to several  hundred  degrees  Centigrade. The 
oxygen  (if  present)  will  be  desorbed  from the surface 
by heating  and  then  detected  by the fiber optic 
oxygen  sensor.  Thus,  this  measurement  will  not  only 
provide  quantitative  estimates of the adsorbed 
oxygen,  but also the  temperatures  at  which the 
oxygen is desorbed,  information which  would help to 
identify the nature and abundance of oxidants  that 
could  be  hazardous to humans  and  equipment. 
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1.  INTRODUCTION 

Five  centuries  after  the  discovery of the New World 
by  Christopher  Columbus,  NASA  has  embarked  on  a 
challenging  endeavor  to put  humans on Mars. The 
planetary  environment  on  Mars is still poorly 
understood  and  the  gaps  in  our  knowledge  need to be 
filled  before we  can risk  human lives to the  potential 
hazards  that might exist  on  Mars. For example,  the 
dry,  dusty  environment of Mars poses several 
potential  hazards as shown  below in the illustration 
(Figure 1) developed  by the Mars  Environmental 
Compatibility  Assessment  (MECA)  project. 

In order to develop  a  fuller  understanding of the 
nature of the hazards  faced by future  astronauts,  it is 
important to develop  suites of instruments  that  can 
produce  correlated  measurements  rather  than 
individual  instruments  making  measurements in 
isolation. This proposal is a  small step in that 
direction, and is aimed  at  the  development of a  suite 
of miniature  instruments  that  can  make  correlated 
measurements  of the  Martian soil and  dust to 
determine  the  surface  mineralogy,  nature of the 
electrostatic charge,  and  adsorbed  oxygen  content. 

Proposed HEDS instrument  Suite Specifications . 1,585 g 

Volume 1,067  cm3 

Power 13  W  (maximum) 

2. OBJECTIVES  AND  SIGNIFICANT ASPECTS 
The aim of the  proposed  study is to investigate the 
feasibility and characteristics of a suite of miniature 
instruments  via  laboratory  experiments  conducted 
under  simulated  Martian  ambient  conditions. The 
proposed  suite  consists of a  novel  Atmospheric 
Electron  X-ray  Spectrometer  (AEXS),  an  optical 
microscope  capable of producing  low  magnification 
images, an electrometer,  and  a  fiber optic oxygen 
sensor  fitted with a  resistive  heater. The 
investigations will  be conducted in a  laboratory 
setting  simulating  the  ambient  Martian  conditions 
with  Mars  analog  soil  and  rock  samples. 

The  AEXS  instrument is currently  being  developed 
under  a NASA PIDDP  program. The electrometer 
will be a modified  version  of  the  instrument  being 
developed for the  MECA project. The optical 
microscope,  the  resistive  heater,  and  the fiber optic 
oxygen  sensor  will be procured  commercially. 

The  ultimate objective of  the  feasibility  and 
characterization  study is the definition of a  potential 
'05 instrument  suite  (Figure  1) capable of  making 
correlated in situ  measurements of surface 
mineralogy, electrostatic charge,  and  adsorbed 
oxygen. The AEXS,  first  proposed  and  being 
developed by JPL [ 1, 21 is central to the  instrument 
suite and provides  a  novel  technology  capable of 
rapid (< 1  minute)  elemental  analysis of surfaces  via 
electron-beam  excitation of characteristic  x-ray 
fluorescence  from  surfaces.  Previous in situ 
elemental  analysis  instruments,  such as the  Mars 
Pathfinder  Alpha  Proton  X-ray  Spectrometer ( A P X S )  
[3] and the Viking  Lander  X-ray  Fluorescence 
instrument  (XRF) [4] used  radioactive  sources  to 
excite  x-ray  fluorescence  from  planetary  samples. 
Both of these  instruments  had  considerably  longer 
spectrum  acquisition  times  (several  hours  in  the  case 
of  Mars Pathfinder). The AEXS consists of a 
miniature  electron  column  isolated  from  the  planetary 
ambient  by  an electron-transmissive  membrane. An 
electron  beam is generated  and  transmitted  through 
the  membrane to impinge  on  the  sample  in 
atmosphere.  Characteristic  x-rays are excited and 
analyzed to determine the sample  surface  elemental 
composition as in an electron microscope,  without  the 
need to introduce the sample  into  vacuum. 

The  area  being irradiated by  the  AEXS  will be 
imaged  by an  optical  microscope  at  a  spatial 
resolution of 10 pm.  The electrometer will provide 
high  dynamic  range  measurements  of  the  nature  and 
quantity of the  charge  present  on  the  surface. The 
fiber optic oxygen sensor will be used  to  first  measure 
the  background  oxygen  present in the  sample 
chamber  and  then  measure the excess  oxygen  evolved 
from  the  surface  via  resistive  heating.  The  AEXS,  the 
optical  microscope, the electrometer, and  the fiber 
optic  oxygen sensor will  all be located within the 
sample  chamber  (see Figure 3  in  Section 2.4) and  will 
therefore  provide correlated measurements  of the 
same  surface area of the sample  on  Mars. 

2.1 STATEMENT OF HYPOTHESIS: 
RELEVANCE TO HEDS GOALS 

The  proposed  work seeks to address  the  hypothesis 
that  correlated  in  situ  measurements  performed  by  a 
suite of instruments will provide  superior 
information,  relevant to HEDS  goals,  over 
measurements  made  by  individual  instruments 
operating in isolation. 



Figure 1. Proposed  dust  hazards on Mars  (developed  by the Mars  Environmental  Compatibility  Assessment 
(MECA)  project). 

The  proposed  integrated  instrument  suite  containing 
an  AEXS,  a  low-magnification  optical  microscope,  an 
electrometer,  and  a  fiber optic oxygen  sensor  fitted 
with a  resistively  heated probe seeks to  identify  and 
characterize  potential  soil  and  dust  hazards  that  could 
be  detrimental to humans  and  machinery. This suite 
can investigate the following  properties of the 
Martian  surface: 

b. 
2.2 SURFACE STUDIES 

MineralogFIn situ  measurements  from an AEXS 
will improve our understanding of the  composition of 
Martian  dust  and  soil due to several  advancements 
over  previous  instruments: 
a. Small beam  size-The IOO-pn to several mm- 

size beam  should be able to determine the 
elemental  composition of specific  minerals, 
something  never  before  achieved  on  another 
planet (e.g., the Pathfinder A P X S  measured  a 
spot - 4 cm in diameter). This AEXS capability 
will be particularly  effective when  used in 
conjunction with the  low  magnification  optical 
microscope capable of identifying 1 0 - p  
diameter  grains of dust  and  soil.  Elemental 

d. 

analysis  measurements  will  provide  important 
information  on  the  chemical  composition of dust 
and soil particles and  help  identify  potential 
hazards.  Since  astronauts  could  possibly  inhale 
the dust, the  presence of oxidants or quartz 
particles  (silicosis)  needs to be identified. 

C. 

Additionally,  determinations of the  composition 
of magnetic  particles  that  adhere to pressure  suits 
and  equipment  may be necessary.  Magnetic 
studies on Mars  Pathfinder  have  indicated  that 
these  magnetic  particles are probably  composed 
of  maghemite  (y-Fe203), or perhaps 
titanomagnetite  or  titanornaghemite, which can 
be easily  differentiated  by the AEXS. 
Low power and spectrum acquisition tirne- 
These two  advancements  will  allow the AEXS to 
take  multiple  readings of dust  and  soil  samples, 
thereby  assessing  surface  mineralogy  and 
heterogeneity.  Alternatively,  it  could  measure 
several  samples in a short  amount of time, 
effectively  providing  a  quick look, petrologic 
field reconnaissance of a region. 
Ability  to  detect  elements  down to Z=6 ( C t T h e  
APXS  and XRF were  limited to a l l  (Na). 
Detection  of C and  N  will  permit  the 
identification of carbonates  and  nitrates, 
respectively.  Detection of 0 could  potentially 
allow  the  oxidation-state of the mineral  to be 
assessed. 
Small penetration depth-The  pm-level 
penetration  depth of the  AEXS  will  allow  surface 
elemental  composition  measurements to be made 
with  minimal  mixing effects  from  deeper 
material. 



Future  NASA  in situ  planetary  missions  will  require 
increasingly  sophisticated  analytical  instruments 
while  at  the  same  time  demanding  lower  mass  and 
power  consumption.  Unlike  many  other  proposed 
instruments,  the  AEXS  meets  these  generally 
disparate  challenges. It offers the following 
advantages: 

Short X-ray spectrum  acquisition  time 
Low energy  consumed  per  acquired  spectrum 
Low  mass 
Low complexity 
High spatial  resolution 
Pristine  sample  measurement 

The short  acquisition  time  and  low  energy 
consumption  of  the  AEXS  should  allow  the 
acquisition of multiple spectra for the  same  amount  of 
time  or  energy  used by  an XRF or APXS for a single 
measurement. This will  maximize the science  return, 
especially for short  duration  missions or rovers  that 
can  only  spend  a  limited  amount  of  time  at  any one 
site. The former  capability  will be especially  relevant 
for  missions  where  environmental  conditions  limit 
spacecraft  lifetime  and  rapid  in  situ  sampling is 
highly  desirable.  Such sites include  the  Martian  polar 
regions  (limited  sunlight). For long  rover  traverses, it 
will be important  to  assess the mineralogy of the  dust 
and  soil at a  rover stop as rapidly as possible. 

In  addition  to  having  lower  energy  consumption, the 
mass  and  complexity  of the AEXS is less  than  that  of 
other  vacuum-based  instruments  that  provide  similar 
elemental  information,  such as miniature  mass 
spectrometers and scanning electron microscopes. 
The  electron-transmissive,  vacuum  isolation 
membrane  of the AEXS negates  the  need for an 
evacuated  sample  chamber  and, in turn,  sample- 
handling  equipment  and  vacuum  pumps. 

Electrostatic charge-In order to ensure the health 
and safety of exploration  crews  on  Mars,  advance 
determinations must  be  made  of the electrostatic 
behavior of  dust  and sand on the surface and  in the 
atmosphere  near  the  surface  that the crew  will 
encounter. On earth, dust  and  sand  particles  can 
become  charged  via triboelectric processes; in 
extreme  cases,  the electrostatic force on saltating 
particles  equals  the  gravitational force [5]. This 
charging  affects  surface  adhesion,  mobility,  and  local 
charge-state of  the  atmosphere.  Determining  the 
charge of  Martian particles is directly  relevant to 
satisfying  the  HEDS  objective  of  assessing  the 
interaction  between  particulates  (soil  and  dust)  and 
humans  and  machinery.  Electrostatically  charged 
particles  on  Mars  could  potentially  adhere to humans 

and hardware with adverse effects,  such as jamming 
of joints on  spacesuits,  obscuring  faceplates  and 
optical devices, discharging of charged  particles onto 
astronauts,  transport of particles  into  their  habitat,  etc. 

It is a well established  fact  that  Mars has dust  storms 
that  form in the  southern  spring or summer,  near 
perihelion, in areas of higher  temperature  gradients or 
surface  relief.  Some of these  storms  can  intensify to 
become  planet-wide  and  last for a  few  months. The 
dust is probably  not  raised  directly  by  winds, as the 
threshold  friction  speed  for  dust  particles is 
exceedingly  high.  Rather,  dust is probably  raised  by 
one or more  of  the  following  processes: a) Impact of 
saltating  sand-sized  particles,  b)  dust  devils, c) raising 
of dust  by CO, desorption, and/or d) saltation of dust 
aggregates  which later break up.  It  would be of 
interest  for  HEDS to determine  the  duration  that  the 
dust  remains in the  atmosphere  after  the  initiation of a 
storm  and the decline of the  atmospheric  dust  content 
over  the  duration. The duration of dust  storms is 
known in a  general  sense  from  optical  measurements, 
with the atmosphere  clearing  after  a few weeks or 
months. The dynamics of settling  dust  could  be 
understood  through  several  (nearly)  instantaneous 
measurements  of surface charge  accumulation,  using 
the  combination of the AEXS  and the  electrometer. 

Terrestrial  measurements  have  shown  significant 
electric fields in the atmosphere  above  the  surface in 
fair  weather,  and much larger fields during  dust 
storms [5]. These observations  at  a few centimeters 
to two  meters  above  the  surface  have  also  exhibited  a 
strong  height  dependence of the electric field. 
Particle  charging in aeolian  processes  is  also  a factor 
in  the  interparticle forces that  determine  threshold 
wind speeds at  which particles  begin to move [6]. 
Measurements  both in Earth’s  near-surface 
atmosphere,  in  laboratory  plasma  chambers,  and in 
wind tunnel  experiments  have  characterized  charge 
on dust  and  sand  particles [5,7]. Observation of 
several  million  electronic  charges  per  grain  of  sand  of 
the order of 1 0 0  microns in diameter is common. 
(Schmidt, et al. [5], find  charge-to-mass ratios of 60 
pCkg for 150 pm sand  particles,  for  example.) 
Various  polarity effects under  differing  experimental 
conditions  have also been  observed.  For  example, 
Cross [8] has described a particle size dependence of 
the  polarity  of  the  charge.  Such  a  dependence is 
illustrated in Figure 2 for powder  passed  through fans 
making  contact  with  a  plastic  surface  (full  curve)  and 
a  metal  surface  (broken  curve). As shown  by the 
figure,  particles  smaller  than 200 pm  were  positively 
charged,  while larger particles  were  negatively 
charged. 
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Figure 2. [after Cross 19871. Dependence of charge 
on particle  size for powder  flowing  through  a fan. 

Solid  line:  plastic  surface;  broken  line:  metal  surface. 

In contrast with these  results,  Greeley  and  Leach [9], 
in  a  different  context,  namely,  sand in a wind  tunnel, 
found  particles  larger  than 60 pm were  positively 
charged and  those less than 60 pm  negatively  charged 
(Table  1).  Other wind  tunnel  experiments  have 
indicated  negatively  charged  surface  particles in 
accumulation  regions  and  positively  charged  particles 
in areas of erosion [lo]. 

While  quartz (SiOz) is a  common  constituent of dune 
sand  on  Earth,  pyroxene,  typically 
(Ca,Na)(Mg,Fe,Al)(Si,Al)z06 is the most  abundant 
component of basaltic  sand  expected on  Mars. 
Table 1  tabulates  charges  per  particle for quartz, 
pyroxene,  and  dust for selected particle sizes, for a 
chargdmass ratio 60 pCkg, used  here in order  to 
provide  a  rough  estimate of charge  per  particle  that 
may  be encountered. An alternative  assumption,  that 
a  representative  charge  per  particle  scales with  the 
particle  radius  squared as supported by electrostatic 
considerations [8], leads to larger charges on  the 
small  dust  particles, as shown  in Table 1. 

Terrestrial  observations  of electric fields in  the 
atmosphere  above the surface,  and  of  saltating  and 
stationary  charged  particles,  support  the  importance 
of electric field  and  charge  measurements  on  Mars. 

The electrometer  can be used  both to measure 
variation  in  atmospheric  field with  height above the 
surface,  and to measure  and  compare  surface  charge 
in  various  areas,  possibly  including  particle 
accumulation  and erosion areas. 

2.3 EVOLVED GAS STUDIES 
Reactivity and its relation to mineralogy-Martian 
soil is highly  oxidizing  and  capable  of  destroying 
organic  material,  posing  potential  detrimental  effects 
to  the  human  respiratory  system  and  skin  tissue. 
Organic  materials  that may be considered  for  habitats 
and  human-tended  machines,  such as plastic,  rubber, 
and other polymers,  could  degrade  under  prolonged 
exposure to the Martian  environment [ 111. Many 
oxidants  that  have  been  proposed to exist  on  the 
Martian  surface are inherently  unstable,  making in 
situ  analysis, as opposed to studies of returned 
samples,  highly  desirable. 

The proposed  instrument  suite  can  identify  the 
elemental  composition,  mineralogy,  and  volatile 
oxygen  inventory  of  soils. By determining  the 
composition of  many sites on  the  Martian  surface, 
and  at various depths, the  instruments  will  provide 
data relevant  to  characterizing  soil  oxidation-state. 
For example, with the 1 0 0  pm beam  of the  AEXS,  it 
may be possible to identify  ferric (e.g., hematite)  and 
ferrous  (e.g.,  pyroxene)  minerals  in  the soil, thereby 
providing  mineralogical data that  can,  in  turn, be 
related to reactivity. By  using the AEXS  in 
conjunction with the fiber optic oxygen  sensor  (for 
detecting  evolved  oxygen),  the  proposed  instrument 
suite  can be used to identify soil compositions 
associated with specific  oxide  chemistries. The fast 
acquisition  time of the fiber  optic  oxygen  sensor (< 
Is) relative  to  traditional  methods  used  to 
characterize  oxidation state (Eh  measurement, 
humidification,  adding  non-aqueous  solvents,  etc.), 
will allow  a  rapid  assessment of  the  oxidation state of 
the  surface. 

Atmospheric Background Measurements-Measure- 
ments  of  the  background  oxygen  concentration in the 
enclosed  atmosphere of the sample  chamber  need to 
be made in order to detect  the  evolution  of  excess 
oxygen  by  heating  the  soil.  The  oxygen is detected 
by  the  quenching of the  fluorescent  response of a 
thin-film  ruthenium  organic  complex  excited  by  a 
blue  LED.  Measuring the oxygen  species  in  the 
atmosphere is also important  from  another  aspect. 
Strongly  oxidizing  odd-H  and -0 species,  including 
N202, Os, and H02, may  be present  at  the  base  of the 



Table 1. Charges  per particle for selected  particle sizes 

(')For  "dust"  the  assumed  density is somewhat less than  that of common  clay  (montmorillonite = 2500 kg/m3);  the  dust m y  consist of 
a mixture of basalt  and  clay minerals with  nanophase oxides and  hydroxides. In assigning a density of 2000 kg/m3,  it was also 
assumed  that  the  dust is porous on the  microscopic level. 

' * h e  particle size entrained by  the  minimum  threshold  friction speed on Mars is 115 p. A common  dust  particle size on Mars is 2 

"'Where  Q/m is the  charge  to mass ratio and a is the  particle  radius. The signs shown  here  are  based on Greeley  and  Leach 191. 
P* 

Martian  atmosphere in abundances as high as 10l6 m-3 

Determining  the  abundance  and  composition of these 
species in the  Martian  atmosphere is relevant to 
addressing  the  HEDS  objectives  described  in Section i. 

The composition of adsorbed chemical species-A 
number  of  chemical  species may  be adsorbed  on the 
surfaces of Martian soil and  rock. These include HzO, 
OH, and  oxygen  radicals (0,  02, 4'). The presence 
and  abundance of these  species  has  HEDS  implications 
similar to those discussed  above. For example, the 
superoxide  radical O2 is extremely  effective  at  breaking 
down  water  and  organics.  The  origin of these 
superoxides is not  well understood  and is the subject of 
some  speculation. It is believed  that  some  minerals 
could  serve as superoxides, while  many others may 
simply be surfaces  upon  which  the  superoxides  reside. 
Some  investigators  have  proposed  that  activated  halides 
may serve as superoxidants. This would include  those 
containing  chlorine  (perhaps  halite (NaC1) and  sylvite 
(KCl)),  which is abundant  on  Mars. Polar minerals 
such as quartz could  provide  surfaces  upon  which 
charged  superoxides may reside. These superoxides are 
expected  to be relatively  unstable  thermally  and may 
release the excess oxygen with a  modest  increase in 
temperature (AT  of -100K). Other  gaseous species that 
could be desorbed  include  water  vapor,  which  will be 
released  at  temperatures c 350 "C. Evolution of water 
vapor at temperatures of 350 "C to 500 "C in the  Viking 
GC-MS indicates other forms of hydration as well. For 
SNC-like  compositions,  studies  indicate  that  structural 

1 [12]. If present,  they  will  act to oxidize  the  surface. 
dehydration of  some minerals,  such as gypsum,  can 
occur at  approximately 150 "C to 350 "C.  Higher 
temperatures  can  cause  dehydration of other minerals as 
well as decarbonation,  desulfonation, etc. The 
extremely high selectivity of the fiber optic oxygen 
sensor  should  help  in  the  detection of the  evolved 
oxygen  over  the  rest of the background  (Table 2). 

2.4 bSiRUMENTS TO COMPRISE SUITE 

The instrument  suite (Figure 3) will be composed  of  the 
following  components: 

Sample chamber-The sample  chamber  will be a  small 
hemispherical  chamber  (approximately 2 cm  diameter) 
which is open  to  the  Mars  ambient at the  base.  A 
flexible  contact  ring  along the perimeter of the sample 
chamber will provide  a  sealing  surface with  the Martian 
sample,  minimizing  the  exchange  of gas within  the 
sample  chamber  with the outside  atmosphere.  The 
contact  ring has a  springlbellows  suspension,  which will 
bring  the  chamber  into  direct  contact  and  close 
alignment  with  the  surface. The sample  chamber  will 
also provide for the incorporation, in the desired 
configuration, of  the  various  instruments  that  make up 
the  suite.  The  flight  version of the  instrument  suite  will 
depend  on  a  deployment  mechanism to bring the sample 
chamber and associated  instruments in contact with the 
Mars  surface. 



Figure 3. Schematic  of  the  proposed  instrument  suite  mounted to the  sample  chamber.  Shown are the  integrated 
AEXS,  low-magnification  optical  microscope,  electrometer,  and  fiber-optic  oxygen  sensor  with  a  resistive  heating 

probe. 

Atmospheric  Electron X-ray Spectrometer ( A E X S t  
The AEXS  will be the  primary  component of the 
proposed  instrument  suite  and  will be used  to 
determine  the  elemental composition of the sugkce 
being studied. Additionally, the electron beam  the 
AEXS generates  in the ambient  atmosphere  will 
provide  neutralizing ions for electrometer  studies. 

The  proof-of-principle for the AEXS  was recently 
demonstrated  at JPL (Figure 4). The AEXS is 
currently  being  developed  under NASA PIDDP 
funding for performing in situ  elemental  analysis of 
planetary  surfaces.  The  analysis  is  performed by 
detecting  electron-beam  excited  x-ray  fluorescence  in 
a  manner  similar to modern electron microscopes. 
The  key  enabling  novelty of the instrument is that  the 
vacuum  of the electron  column is isolated  from  the 
planetary  atmosphere  by  a  microfabricated  electron- 
transmissive  membrane  (Figure 3 ,  so that the sample 
does not  need to be drawn into a  vacuum  region for 
analysis.  The  AEXS  instrument is shown 
schematically in Figure 6, and consists of an 
evacuated  electron  column  capped by the  thin 
membrane,  an  x-ray detector,  associated  power 
supplies,  and  drive  electronics. A high-energy  (in 
excess of  10 keV) electron beam is transmitted 
through  the  membrane  and  generates  characteristic  x- 
rays  from  a  planetary  sample.  Unlike in the 

laboratory  electron  microscope,  non-conductive 
mineral  samples do not  need  to be coated with a 
conductive  film,  because  electron-induced  ionization 
of the  atmosphere  provides  a  return  path for 
accumulated  charge. The x-ray  spectrum is acquired 
by an  x-ray detector, and the data is processed  using 
standard  energy  dispersive  x-ray  (EDX)  analysis 
techniques to obtain  the  elemental  composition of the 
irradiated spot. 

As  shown in Table 3, the AEXS  offers  improved 
performance in comparison to other "state-of-the-art" 
x-ray-based  elemental  analysis  techniques  such as the 
Alpha  Proton  x-ray  Spectrometer  (APXS)  and  a 
proposed X-Ray induced  Fluorescence (XRF) 
technique. The AEXS  has  a  considerably  shorter  x- 
ray  spectrum  acquisition  time  and  (consequently) 
lower  energy  consumption per acquisition. By also 
using  a  thin  membrane for the x-ray  detector  window, 
the AEXS may be able to detect  light  elements  such 
as C, N  and 0, potentially  allowing  a  complete 
stoichiometric  determination of the  mineral. The 
AEXS is amenable to miniaturization, and in 
addition, due to its ability to focus  electrons,  has a 
much higher  spatial  resolution  (irradiated  spot size c 
1 mrn) than is feasible for other techniques. 



Figure 4. (A)  Laboratory  test  setup for Atmospheric  Electron  X-ray  Spectroscopy, (B) X-ray  fluorescence  spectrum 
(raw data) of a JSC  Mars-1  (JSC-1  Mars Regolith  Simulant)  sample  obtained  in  the setup by 5.5 keV  electron-beam 

excitation in air. 

B 

A 

Figure 5. Scanning  electron  micrograph  of  the  microfabricated,  electron-transmissive  membrane  showing  the 
silicon  frame  (A) and the 200-nm-thick  SiN  membrane (B). 
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Figure 6. Schematic  diagram  showing  the  components of the AEXS. 





Optical Microscope-A candidate  commercial 
optical  microscope  procured  for  laboratory  testing 
would be the Hitachi  Denshi  America,  Ltd.  miniature 
remote  head,  interline  transfer  CCD  camera 
(Figure 7) connected  to  a  Matrox  frame grabber 
computer  board.  The  extremely  compact  remote- 
imaging  head  (12.6 mm diameter  by  41.5 mm long) 
will facilitate integration of the  optical  microscope 
into the instrument  sample  chamber. The optical 
microscope  will provide low-mugntjication optical 
images ( - I O  pm resolution) of the observation area. 
These images  will  provide  important  contextual 
information  on  the  particle size and  morphology  of 
the  dust  and soil samples  being  examined. 

Figure 7. Miniature  optical  microscope for 
laboratory  testing. 

Electrometer-The  electrometer  will be integrated 
into the instrument  “foot”  (the base of the sample 
chamber). The foot is necessary for calibration  and 
accurate  location of the AEXS,  and  will be part of a 
deployment  mechanism  that  will serve to deploy  the 
AEXS and  the  electrometer  at  a  fixed  distance  from 
the surface under  examination. The electrometer will 
measure surface charge. 

The electrometer  will be based  on the induction 
electrometer  designed at JPL 113,141 for the MECA 
project. A photo of the packaged MECA 
electrometer,  incorporating six electrometer sensors 
and accompanying  circuitry, is shown in Figure 8. 
The  MECA  electrometer in the  photo  includes  five 
sensors  designed for triboelectric  studies  and  one 
electric field  sensor;  the  electrometer  envisioned for 
the  laboratory  testing will consist of four to seven 
electric field  sensors  based  on the MECA  design. 
With  a  12-bit A D  converter; the dynamic  range of 
each  sensor  is  about  4000.  Multiple  electrometer 
sensors will be included for two  purposes. Two 
sensors will be set  at  different  sensitivities  to  provide 
the broadest  possible  measurement  range. For 
example,  one  sensor may be scaled to detect as few as 
lo00 electronic charges  while  another  may be scaled 
to detect a  million  and  more  electronic  charges. 
Other sensors will be coated with various  insulators, 

permitting  determination of charged  particles 
adhesion  to  a  given  insulator.  Such  information  will 
also  benefit HEDS. 

Mass  and  volume for the electrometer and electronics 
will  depend  on  how  they are incorporated  in  the 
overall  instrument design, and are conservatively 
anticipated  to be less than 10 g  and 5 cm3, 
respectively.  Power  consumption is estimated to be 
250 mW,  but can be much less if a  clean f 5 V  source 
is  available.  A data rate of the  order of 2 bytedsec is 
anticipated  although the electronics will  allow  much 
higher  rates. 

The induction  electrometer  gives  relative  charge or 
field  measurements. Figure 9 shows  the  circuit  for 
this  electrometer in a  configuration  with  the  electric 
field  sensor  near  a  charged  soil  surface.  In  this 
configuration  the  sensing electrode and soil surface 
have  a  capacitance  C2. The instrument  comprises  a 
capacitive  divider  where C2 is the field  sensing 
capacitor  and  C1 is a reference capacitor. The point 
between  the capacitors is connected to the  positive 
terminal  of  the  first  stage  amplifier  operated  in  a  low- 
gain  follower mode. The sensing  electrode is 
protected by a  driven  guard  that is connected to the 
negative  terminal of the  first  stage  amplifier.  A 
second  operational  amplifier U2 provides  additional 
amplification. To operate the instrument,  capacitor 
C1 is first  discharged  with  solid-state  switch  S1, 
which  has  very low  leakage. The sensor  is  then 
drawn  away  from the soil surface. If the soil surface 
is charged  while the atmosphere  at the new position is 
neutral,  the  field  sensed  by the sensor  electrode will 
change  and  charges  will  flow  in  the  capacitor  divider 
circuit,  giving  a  potential  V1,  which is then  amplified 
to  give  the  output  VA. 

Figure 8: Photograph of the MECA electrometer 
described in the  text.  In  addition to five  electrometer 

sensors,  an  ion  trap is also  shown. 



s1 

c2 = 
CHARGED 

Figure 9: Illustration of electrometer  head in the  measurement  positions  above  the  Martian  surface. 

A  schematic  partial  cross-section of the MECA 
sensor is shown  in  Figure 10. The housing is made  of 
titanium and  aluminum.  Non-magnetic  screws  are 
used  since  a  constituent  of  the  Martian  dust is 
magnetic [15]. Joints are sealed with epoxy to be in 
compliance with planetary  protection. 

Resistive  heater-The miniature  resistive  heater is 
mounted  on  the  sample  chamber  (Figure 3). During 
deployment,  the  chamber is brought  into  contact with 
the  sample,  causing  the heater to come into hard 
contact with the  sample  surface. The temperature of 
the  heater is then  raised  to  several  hundred  degrees  C, 
causing  adsorbed  gas  to evolve into the sample 
chamber. The heater  will be procured  from 
commercial  sources  and  will be either  metal foil 
andor ceramic-based, with a  surface  contact area of  1 
to 5 m m 2 .  Commercial  suppliers for such  heaters 
include  ThermoCeramiX  LLC,  Minco  Products,  and 
Electrofilm Mfg.  Co. 

The oxygen is desorbed  from the soil oxidants by 
using the heater to raise  the  sample  surface 
temperature to several  hundred degrees Centigrade. 
The oxygen  evolution rate will depend  on the surface 
temperature,  the  surface  area of the  heated  oxidant, 
and on  the  bonding  energies  of  the  superoxides. 
Order-of-magnitude  calculations,  assuming  a  bond- 
breaking  energy of 1  eV,  a  surface  temperature of 
lo00 K, and  a  surface  oxidant  abundance of less than 
1%, indicate  that  the  oxygen  evolution  rate is 
approximately 1O'%ec. These calculations are 

roughly  consistent  with  the  Viking  oxygen  evolution 
data. Loss of these  evolved  oxygen  molecules is 
minimized  by  the  fact  that  the  sample  chamber  makes 
a  good  seal with the  soil.  For  a  1-mm gap at the 
edges of the sample  chamber  the loss rate is estimated 
to  be less than  10% of the  evolution  rate. 

Fiber Optic Oxygen  Sensor-The fiber  optic  oxygen 
sensor  will be used  to  study  the  evolved  oxygen 
species from  the Martian sugace. The oxygen  will 
be  evolved as a  decomposition  product of heated 
surface oxidants and  will  have to be detected  and 
measured,  not  only over the  ambient  atmospheric 
background  but  also over a  background  of other 
evolved species as well (see Table 2.). A  candidate 
oxygen  sensor is the FOXY fiber  optic  oxygen  sensor 
manufactured  by  Ocean Optics Inc  (Figure  11). The 
sensor  consists of an optical fiber whose  end is coated 
with a  sub-micron  thick  film  containing  an 
immobilized  fluorescent  ruthenium  organic  complex. 

The ruthenium  complex  absorbs  excitation  energy 
from  a  blue  Light  Emitting  Diode  (LED)  with  a  peak 
output at 470 nm,  and has  a  fluorescence  emission 
peak  near 600 nm. The oxygen  detection  mechanism 
operates  via  quenching of the fluorescence of the 
ruthenium  complex. Collisions of  oxygen  molecules 
with fluorophores in their  excited  states  leads to a 
non-radiative  transfer of energy. This is a  fairly 



0-80 S (RE W S *El INS W D R  
(A dlstatic) 

(No, wnetlc). RIffiy 0.z8 IC"----- 6.60mm / > 
Stainless Steel (18-8) GROU N 9.14 mm > 

'BOA R wFR4) 
ELE URONIC 

SEN 9 

TO FR4 

S 

Figure 10. Partial  cross-section of the MECA electrometer  showing  the  sensor  and insulator sandwich  and  their 
connection to the  electronics  board. 

Figure 11. FOXY fiber  optic  oxygen  sensor  developed by Ocean Optics Inc. 

robust  and  sensitive  detection  process  and appears to 
be immune to interferences  from other constituents of 
the Martian  atmosphere as well as from other evolved 
gases such as carbon dioxide and water  vapor. The 
gas species that  could  potentially  interfere with the 
oxygen  measurements are the  halogens: F2,  Cl2  and 
Br2.  However,  none  of  these  gases  have  been 
reported as being  significant  constituents of either the 
Martian  atmosphere or the  evolved  gases,  and 
therefore should not pose  a  problem for the  detection 
of evolved oxygen. The response  time  of the detector 
is less than 1 second with detection  thresholds  for  the 
instrument on Earth  being  at  the  sub-ppm  to  ppb 

level, which is more  than adequate for the  proposed 
measurement.  For  laboratory  testing, the 
commercially  available  oxygen  detection  system  will 
be procured.  This  system  was  manufactured  with  the 
flexibility  to  measure other gases as well as oxygen 
and as such  weighs over 1 kg, and  consumes  over 
2.6 W. Considerable  reductions  in  mass  and  power 
consumption  can be achieved  by  optimizing the 
system  for  detecting  only  oxygen,  by  replacing  the 
spectrometer  (which  makes up most of the mass)  with 
two  dedicated  photodetectors, one for the  reflected 
excitation  light  and the other for the fluorescence 
emission. 



2.5 ELECTRONICS 
The  instrument  suite  will be controlled  by  a  PC  based 
data  acquisition  and  control  system  running  LabView 
software. The Electrometer  electronics  will be 
fabricated  based on the  design  developed  for MECA, 
with the  12-bit AID incorporated into the  acquistion 
and control electronics via  a  dedicated 
microcontroller. The control  system  currently  under 
development  (NASA  PIDDP  funded) for the AEXS 
prototype  instrument consists of a  programmable 
high-voltage  power  supply,  with four independently 
programmable  and  monitored  -30  kV  modules,  a 
variable  voltage  electron  filament  supply  based on a 
miniature  high dielectric strength  torroidal 
transformer,  and AID plus  D/A  boards for monitoring 
and control. 

The  electron  beam  will be modulated  and  lock-in 
amplification  implemented to increase  the  signal to 
noise  ratio.  The  x-ray detector power  supply, 
preamplifier,  and  shaping  amplifier are benchtop 
units  from  Amptek,  Inc.  The  x-ray  signal is analyzed 
with a  National  Instruments  high speed 

DAQ/oscilloscope  board  configured as a  multi- 
channel  analyzer. The CCD data from the optical 
microscope  will be routed via the  Matrox  frame 
grabber board to the PC. The electronics  boards for 
the fiber optic oxygen  sensor  will be used for 
operation  and  readout  through  a  standard PC 
interface. A version of the above  electronics  systems 
for a  flight  instrument  proposal would  be developed 
from the laboratory scale electronics  systems  put 
together for the purpose of defining  the  instrument 
suite.  Miniaturization of the  various  components  will 
build on similar  instrumentation  developed for flight 
missions  such as the A P X S  electronics  box for Mars 
Pathfinder  and  the  MECA  optical  microscope 
electronics system for the  Mars '01 Lander. 

2.6 INTEGRATED  INSTRUMENT SUITE 

The functional  block  diagram of the  integrated 
instrument  suite is shown in Figure  12. The block 
diagram  shows  the  proposed  electronics  and  power 
configuration for the individual  instruments as well as 
the  nature of  the output for each one of the 
instruments. 
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Figure 12. Functional  block  diagram of the  integrated  instrument  suite 



2.7 MASS, POWER  AND  VOLUME  REQUIREMENTS (Table 4) 

Table 4. Estimated  requirements for a  flight  version  of the instrument  suite 

Image  acquisition  board 100 75 
Main  electronics  Control  and  DAQ 250 1 150 

Mechanical  components 225  n/a  100 
INSTRUMENT  SUITE  TOTAL  Maximum' - Total 

1,585 g 13 W 1,172 cm3 

The maximum  power requirement is for the fiber optic oxygen  sensor  with the heater  and  the main electronics 
operated  simultaneously. The instrument  suite  operating  modes  only  require one instrument  operating  at  a  time, 
leading to less  than  13 W required for AEXS,  optical  microscope, or electrometer operation. 

3. INVESTIGATION  APPROACH 

The primary  deliverable for the investigation  will be a 
final  report  defining  a  potential  flight  instrument suite 
for  a 2005 HEDS  mission to Mars. The flight 
instrument  suite  definition  will  result  from  laboratory 
testing  and  characterization  experiments  carried  out 
with prototype  instrumentation.  Laboratory 
experiments  will  utilize  instruments in development at 
JPL combined with  modified  commercial  off-the- 
shelf  instruments.  Suite  instruments  currently  being 
developed by JPL  are  the AEXS (funded  by the 
NASA PIDDP  program)  and the electrometer (funded 
by the MECA-HEDS Mais '01 program). The 
primary criteria for selection of commercial 
components will be their  miniature size and 
ruggedness.  Since the investigation  will be conducted 
under cost constraints,  the  emphasis  will be on  using 
miniature  instruments, which can be readily  adapted 
to meet  flight  requirements. The following  tasks  will 
be accomplished  during  the  course of the 
investigation. 

Mod@ existing Mars environmental chamber-An 
environmental  chamber  will be assembled  under 
NASA-PIDDP  funding for AEXS  development  and 
characterization. The pressure,  composition,  and 

flow  rate  of  gas in the  chamber  will  be  precisely 
controlled.  A  Residual Gas Analyzer  (RGA)  will  be 
implemented to monitor  HzO  levels,  as well as 
impurities  and  gas  composition.  The  RGA  will  allow 
accurate  calibration  and  threshold  limit  determination 
of the  fiber  optic  oxygen sensor system. 

Modifications to the  chamber  will  provide  electrical 
and optical  feedthroughs for the  instrument  suite 
components as well as facilitate  installation  and 
manipulation  of the  sample  chamber in the  simulated 
Mars  environment. 

Define  instrument  components for laboratory tests- 
Preliminary  specifications of the  component 
instruments  will be defined for laboratory  operation. 
Particular  attention  will be paid to compatibility of 
these  instrument  components  within  the  context  of  the 
instrument  suite. The necessary  modifications  to 
these  components  will be planned  at  this  stage. 
Miniature  sensor  heads are required for integration 
into  the  sample  chamber,  the  design of  which  will 
trade  off  with the availability  constraints of these 
components.  Required  threshold  detection  levels  and 
optimal  operating  configurations  will  be  determined. 



Design and fabricate electrometer head-An 
electrometer  head  based  on the MECA design will  be 
designed  and  fabricated for laboratory  testing. The 
design  will  optimized  to fit the instrument suite 
configuration.  Interference  and  cross-functionality 
with AEXS operation  will be studied. 

Procure and modifi  instrument  components-The 
AEXS prototype  and  the  electrometer  will be 
obtained from existing  development  efforts  at JPL. A 
commercially available miniature  optical  microscope 
with a large working  distance,  capable of resolving 
10 pm particles,  will be procured  and  modified to 
accept an objective lens of sufficient  magnification. 
A  miniature fiber optic oxygen  sensor  system  will be 
purchased  from  a  vendor  such as Ocean  Optics,  Inc. 
A  miniature  ceramic  resistive  heater  will be procured 
and  integrated  with  the  oxygen  sensor.  Miscellaneous 
components to modify  the  existing  Mars 
environmental  chamber to accept  the  instrument suite 
for  testing will be also be procured.  Power  supplies, 
electronic  diagnostic  equipment,  and  computers  will 
leased  from the JPL instrument  loan  pool for use on 
this  project. 

Test and characterize individual prototype 
instruments-The AEXS instrument  prototype  testing 
will  be  carried  out as part  of  the  ongoing PIDDP 
project. The modified  electrometer  sensor  head  will 
be tested  using  bench-top  electronics  developed for 
the MECA engineering  model. The optical 
microscope  will be aligned and tested  using the 
optical  calibration facilities at  the  Microdevices 
Laboratory  (JPL). The resolution and  imaging 
capability of the optical  microscope  will be tested. 
The  fiber optic oxygen  sensor  and  heater  will be 
installed  and  tested in the Mars  Environmental 
chamber. The response of the oxygen  sensor  will be 
calibrated  using  the  output of the RGA,  which  will be 
operated  simultaneously with the  sensor.  Suitable 
oxidant samples will be identified,  procured,  and 
characterized  by  the  Science  Co-I. 

Design sample chamber-The hemispherical  sample 
chamber  has  two  important  functions. It serves as the 
mount for the component  instruments  that  make  up 
the  suite  and it determines  the  instrumentlsample 
configuration. The chamber also functions as a 
container for oxygen  evolved  from  the  sample 
surface. The dimensions of the  individual  instrument 
components  and  the  proposed  configuration  of  the 
instrument suite will be the  driver  for  the  design  of 
the  sample  chamber.  Sealing  requirements for the 
sample  chamber  will also be considered when 
developing  the  design. 

Fabrication and integration of the sample chamber 
into the Mars environmental  chamber-Fabrication 
of the  sample  chamber  will  proceed  concurrently with 
the  instrument  testing  task.  Following  chamber 
fabrication,  the  component  instruments  will be 
integrated  into  the  sample  chamber to form  the 
instrument suite for  laboratory  testing.  The suite will 
then be installed into the  Mars  environmental 
chamber. 

Develop  instrument control and communication 
interfaces-This task will  develop the electrical, 
timing,  and  communication  interfaces  between  the 
respective  instrument  suite  components.  A  LabView 
program  will be written for this  purpose. The code 
will be used  to  control  the  individual  instruments as 
well as to for data  acquisition. 

Integrate component  instruments and  pegom 
instrument suite tests-Following laboratory  testing 
of the individual  components,  the  prototype 
instrument  suite  will be  assembled.  The  assembled 
suite  will be integrated into the  Mars  environmental 
chamber  and  tested.  Potential  functional  conflicts 
and problems with the  configuration  will be identified 
and  resolved.  Cross-functional  tests  will focus on 
optimizing  the  performance of the proposed 
instrument  suite. 

Calibrate and characterize the science output of the 
instrument suite-Following successful  cross- 
functional  testing  and  integration, the individual 
instrument  measurements  will  be calibrated to insure 
repeatable  and  quantitative  results. Suitable Martian 
analog  rock  and  soil  samples  will either be prepared 
or acquired  from  other  institutions.  Using  these 
samples, the performance  of the proposed  instrument 
suite  will be critically  evaluated to determine  the 
degree to which it is capable of fulfilling  HEDS ’05 
mission  requirements. 
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